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Mitochondria and Programmed Cell Death
in Parkinson’s Disease: Apoptosis and Beyond
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Abstract

Significance: Activation of mitochondrion-dependent programmed cell death (PCD) pathways is instrumental to
the demise of substantia nigra pars compacta dopaminergic neurons in experimental mouse models of Par-
kinson’s disease (PD). Supporting the relevance of these findings for PD, key molecular elements of this path-
ogenic cascade have also been demonstrated in postmortem brain samples of PD patients. Recent Advances and
Critical Issues: Mounting evidence indicates that different morphological types of cell death co-exist in the brain
of PD patients, all of which may result from the activation of common upstream PCD pathways. Indeed,
contrary to initial views, it is now established that the deleterious effects of PCD pathways are not limited to
mitochondrion-mediated caspase-dependent apoptosis but also involve caspase-independent nonapoptotic cell
death, including necrosis. This notion may help reconcile the observation of both apoptotic and nonapoptotic
dopaminergic cell death in postmortem PD samples. Future Directions: Potential neuroprotective strategies for
PD should be aimed at targeting both apoptotic and nonapoptotic pathways, all of which may simultaneously
occur in PD patients through activation of common upstream PCD pathways involving the mitochondria.
Antioxid. Redox Signal. 16, 883–895.

Introduction

Programmed cell death (PCD) is a physiologic process in
which molecular programs intrinsic to the cell are activated

to cause its own destruction. This process is a fundamental
property of all pluricellular organisms and is crucial for their
development, organ morphogenesis, tissue homeostasis, and
defense against infected or damaged cells. However, excessive
PCD or abnormal re-activation of PCD in adulthood can cause
unwarranted cell death, which might lead to diseases such as
immunodeficiency and neurodegeneration (96).

The term PCD has often been used interchangeably with the
term ‘‘apoptosis,’’ a particular morphological form of PCD
characterized by membrane blebbing, shrinkage of the cell
body, nuclear condensation, and DNA fragmentation. How-
ever, molecular pathways linked to PCD are implicated in cell
death processes, the morphological diversity of which extends
beyond apoptosis. Even necrotic cell death, which has been
traditionally regarded as an unregulated, passive cell death
process lacking morphological features of apoptosis, is now
known to occur in part in a regulated (programmed) manner
(94). Therefore, the usefulness of the morphological categori-
zation of different types of cell death is being currently debated,
and it is expected that biochemical definitions will gradually

replace the current vocabulary (47, 94). This notion may also
help reconcile the apparently contradictory reports in the lit-
erature indicating the occurrence of either apoptotic or non-
apoptotic dopaminergic cell death in patients with Parkinson’s
disease (PD), a debate that has driven the field for several years
(96). Based on our current knowledge on the mechanisms of
PCD, it is likely that different morphological types of cell death
actually co-exist in PD patients, all of which may result from the
activation of common upstream PCD pathways.

Molecular Pathways of Apoptosis

Apoptosis can result from the activation of two distinct
molecular cascades, known as the extrinsic (or death receptor)
and the intrinsic (or mitochondrial) pathways (Fig. 1). The
extrinsic pathway is recruited upon activation of cell-surface
death receptors, such as Fas/CD95 and the tumor necrosis
factor receptor 1 (TNFR1), whereas the intrinsic pathway is
triggered by intracellular stimuli such as Ca2 + overload or
increased generation of reactive oxygen species (ROS). In both
pathways, initiator caspases (caspase-8 and - 9, respectively)
are activated and catalyze the proteolytic maturation of exe-
cutioner caspases, such as caspase-3, which are the final ef-
fectors of cell death.
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Mitochondrial outer membrane permeabilization
(MOMP) represents the point-of-no-return in the mito-
chondrial apoptotic pathway. Following MOMP, mito-
chondrial apoptogenic factors such as cytochrome c, second
mitochondrion-derived activator of caspases (Smac)/direct-
IAP binding protein with low PI (Diablo), Omi/high tem-
perature requirement A2 (HTRA2), endonuclease G, or
apoptosis-inducing factor (AIF) are released to the cytosol.
Once into the cytosol, these factors may initiate cell death in
a caspase-dependent or a caspase-independent manner (15).
For instance, released cytochrome c interacts with two other
cytosolic protein factors, Apaf-1 and procaspase-9, to acti-
vate caspase-3 (51). On the other hand, Smac/Diablo can
interact with several inhibitors of apoptosis (IAPs), thereby
relieving the inhibitory effect of IAPs on initiator (e.g.,
caspase-9) and effector (e.g., caspase-3) caspases (9). In con-
trast to cytochrome c and Smac/Diablo, released AIF and
endonuclease G can translocate to the nucleus and induce
caspase-independent DNA fragmentation (87). Of note,
while all of these mitochondrial intermembrane space pro-
teins were initially identified as apoptogenic, gene-targeted
studies in mutant mice indicate that some of them (such as
endonuclease G or HtrA2/Omi) appear to be dispensable for
cell death (2, 41, 42).

MOMP is highly regulated by proteins of the Bcl-2 family,
which comprises several members that either prevent (e.g.,

Bcl-2 and Bcl-xL) or promote (e.g., Bax and Bak) MOMP and
apoptosis (32). Structurally, all these proteins share up to four
Bcl-2-homology domains (BH1–BH4). In addition to Bcl-2
family members that contain multiple BH domains, such as
Bcl-2 and Bax, there are molecules that share sequence ho-
mology only with the BH3 domain (so-called BH3-only pro-
teins). These BH3-only proteins induce cell death either by
activating multidomain pro-apoptotic proteins, such as Bax,
or by inactivating anti-apoptotic proteins, such as Bcl-2 (50,
104). At least 10 different BH3-only molecules have been de-
scribed so far in mammals, including BH3-interacting domain
(Bid), p53-upregulated modulator of apoptosis (Puma), Noxa
(the Greek word for ‘‘damage’’), or Bcl-2-interacting mediator
of cell death (Bim). Bid is activated after its cleavage by cas-
pase-8, thus linking the extrinsic and intrinsic pathways at the
level of the mitochondria. Whereas several components of
the mitochondrial apoptotic pathway have been implicated in
the pathogenesis of PD, the participation of the extrinsic
pathway in PD has not been consistently demonstrated
(Tables 1 and 2).

Apoptosis and PD

Over the past 10 years, numerous lines of evidence have
been gathered indicating that activation of PCD pathways
may contribute to substantia nigra pars compacta (SNpc)

FIG. 1. The extrinsic and intrinsic (mitochondrial) molecular pathways of apoptosis. Extracellular signals through cellular
death receptors, such as Fas, and intracellular signals, including damage to subcellular constituents, both trigger genetically
programmed pathways of PCD, which converge at the level of mitochondria, leading to caspase-dependent or caspase-
independent apoptosis. See main text for details. AIF, apoptosis-inducing factor; Cyt. c, cytochrome; EndoG, endonuclease G;
IAP, inhibitor of apoptosis; PCD, programmed cell death; tBid, truncated Bid.
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dopaminergic neurodegeneration in PD. Initially, the obser-
vation of terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL)-positive dopaminergic
neurons in postmortem brains of PD patients was used to
support the occurrence of apoptosis in this disease (59). Sub-
sequent studies, using a greater variety of morphological
tools, have either succeeded or failed to find more apoptotic
neurons in postmortem tissue from PD patients [reviewed in
ref. (96)]. This apparent discrepancy can be attributed to both
conceptual and technical issues (96). First, it is difficult to
detect apoptosis in a particular given time (i.e., death of the
patient) due to the presumed low daily rate of neuron cell loss
in PD and the presumed rapid disappearance of apoptotic
cells. Second, postmortem samples typically derive from ad-
vanced stages of the disease, when most of the neurons that
are affected by the pathological process are already lost.
Third, the TUNEL technique, used in most morphological
postmortem studies to determine the presence of apoptotic
cells, is not specific for apoptosis, especially in human post
mortem tissue, in which factors such as hypoxia can produce
TUNEL-positive, nonapoptotic DNA damage (44). Lastly, we
now know that common PCD pathways can lead to multiple
morphological forms of cell death other than apoptosis, in-
cluding necrosis, some of which could overlap and co-exist in
PD patients (19, 94).

Given these issues, biochemical assessment of molecular
components of the PCD machinery has been gradually re-
placing exclusively morphological approaches. Supporting
the implication of PCD pathways in PD, a greater percentage
of SNpc dopaminergic neurons positive for pro-apoptotic
protein Bax has been observed in brains of PD patients,
compared to control subjects (35, 89). Also, increased activity
of executioner caspase-3 has been found in SNpc dopami-
nergic neurons of PD patients (34, 89). Other PCD-related
alterations detected in PD brains include the activation of
caspase-8 (36, 100) and caspase-9 (100). Despite this body of
descriptive data, the actual demonstration that PCD path-
ways play a pathogenic role in PD-related dopaminergic
neurodegeneration has come from experimental animal
models, in which elements of the PCD machinery can be
manipulated.

Mitochondrial-Mediated Apoptosis in Experimental PD

At present, there are no experimental models that recapit-
ulate all of the clinical and neuropathological features of PD.
Instead, there are several experimental systems that allow the
exploration of particular aspects of the disease. For instance,
genetically modified animals have proven useful to study the
function and biology of specific genes linked to familial forms
of PD, but less adequate to explore the mechanisms of dopa-
minergic cell death, as most of these mutant animals do not
exhibit consistent neurodegeration. In contrast, mitochondrial
parkinsonian neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) reproduces in mice several PD-linked
cellular alterations, such as inhibition of mitochondrial com-
plex I (71), increased production of ROS (71, 106), oxidative
damage to lipids (71), DNA (38), and proteins (106), including
a-synuclein (76), increased levels/cytosolic accumulation of
a-synuclein (99), and dopaminergic cell death (18, 96, 98, 99).
Most of the in vivo mechanistic studies about the involvement
of PCD on PD-related dopaminergic neurodegeneration have
been performed in MPTP-treated mice, which allows the
combination of MPTP intoxication with the use of gene-
targeted mutant mice for various PCD molecules.

Using the MPTP mouse model, it has been shown that
SNpc dopaminergic neurodegeneration linked to complex I
deficiency occurs, at least in part, through activation of mi-
tochondrion-dependent apoptotic molecular pathways (70,
71, 95, 96). Following complex I blockade with MPTP in mice,
there is a time-dependent and region-specific mitochondrial
release of cytochrome c that occurs in association with acti-
vation of caspase-9 and caspase-3 (71). Further supporting the
induction of apoptosis following complex I inhibition, mito-
chondrial parkinsonian neurotoxin rotenone induces cyto-
chrome c release, caspase-3 activation, and apoptotic cell death
in SH-SY5Y cells (67) and ventral mesencephalic dopaminer-
gic neurons (1). In MPTP-treated mice, cytochrome c release,
caspase activation, and apoptotic cell death were shown to
be regulated by pro-apoptotic protein Bax, as they coincided
with Bax upregulation and translocation to the mitochon-
dria and were prevented by genetic ablation of Bax (71, 95)
(Table 1). The involvement of the mitochondrial-dependent

Table 1. Targeting Bcl-2-Family Members in the 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine

Mouse Model of Parkinson’s Disease

Molecule Description Type of targeting
Effect on MPTP-induced nigro-striatal

dopaminergic neurodegeneration Refs.

Bax Pro-apoptotic full-length
Bcl-2 family member

Bax KO Neuroprotection (cell bodies
and terminals)

(95)

Bak Pro-apoptotic full-length
Bcl-2 family member

Bak KO No effect (25) and UP

Bcl-2 Anti-apoptotic full-length
Bcl-2 family member

Bcl-2 Tg Neuroprotection (terminals,
cell bodies not assessed)

(65, 111)

Bcl-XL Anti-apoptotic full-length
Bcl-2 family member

Delivery of cell
-permeable Bcl-XL

Neuroprotection (cell bodies,
not in terminals)

(22)

Noxa BH3-only protein Noxa KO No effect UP
Puma BH3-only protein Puma KO No effect UP
Bid BH3-only protein Bid KO No effect UP
Bim BH3-only protein Bim KO Neuroprotection (cell bodies,

not in terminals)
(70)

UP, unpublished personal observation; KO, knock-out; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; Tg, transgenic.
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apoptotic pathway in PD-related neurodegeneration is fur-
ther supported by the neuroprotective effect obtained in
MPTP-treated mice by targeting other molecules of this
pathway, such as caspase-9 or Apaf-1 (60, 100) or by over-
expressing Bcl-2 (65, 111) (Tables 1 and 2). While caspase-8,
an initiator caspase of the extrinsic pathway, is also acti-
vated in MPTP-treated mice, its activation appears to occur

downstream the recruitment of the intrinsic pathway, indi-
cating that this caspase may participate in the amplification,
rather than the initiation, of dopaminergic cell death (36,
100). In addition, the BH3-only protein Bid, which cleavage
by caspase-8 links the extrinsic pathway with Bax-induced
MOMP, appears dispensable for MPTP-induced dopami-
nergic neuronal death (Table 1).

Table 2. Targeting Other Programmed Cell Death-Linked Molecules

in the 1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine Mouse Model of Parkinson’s Disease

Molecule Description Type of targeting

Effect on MPTP-induced
nigro-striatal dopaminergic

neurodegeneration Refs.

Fas Initiator of extrinsic
pathway

Fas KO Neuroprotection (cell
bodies, not in terminals)

(37)

Increased susceptibility to
MPTP (cell bodies
and terminals)

(48)

Immunodeficient Rag1 KO
mice reconstituted with
FasL-deficient splenocytes

Neuroprotection (cell
bodies, not in terminals)

(7)

TNF Initiator of
extrinsic pathway

TNFR1 KO, TNFR2 KO,
TNFR1/2 DKO

No effect (49, 80)
No effect (R1, R2 KO),

Neuroprotection in DKO
(terminals, cell bodies
not assessed)

(86)

TNF-a KO/pharmacological
inhibition of TNF-a synthesis

Neuroprotection (terminals,
not in cell bodies)

(26)

p53 Proapoptotic
transcription factor

P53 KO Neuroprotection (cell bodies,
not in terminals)

(70, 92)

Pharmacological inhibition
(PFT-a, Z-1-117)

Neuroprotection (cell bodies
and terminals)

(23)

JNK Initiator of apoptosis JNK KO Neuroprotection (cell bodies
and terminals)

(39)

Pharmacological inhibition
(CEP-11004)

Neuroprotection (cell bodies,
not in terminals)

(90)

Pharmacological inhibition
(CEP-1347)

Neuroprotection (cell bodies
and terminals)

(81)

Inhibition by adenoviral gene
transfer of JNK-binding domain

Neuroprotection (cell bodies
and terminals)

(108)

AIF Caspase-independent
executioner of
mitochondrion-mediated
apoptosis

Harlequin mice with a
*80%–90% reduction in AIF

Increased susceptibility
to MPTP (cell bodies
and terminals)

(69)

Apaf-1 Mediator of cytochrome
c-induced apoptosis

Inhibition with AAV-mediated
delivery of an Apaf-
1-dominant negative

Neuroprotection (cell bodies,
terminals not assessed)

(60)

Cyclophilin D Component of
mitochondrial PTPC

Cyclophilin D KO No effect (70)

Caspases Executioners of apoptosis Pan-caspase pharmacological
inhibition (Q-VD-OPH)

No effect in subacute MPTP;
Short-term neuroprotection
in acute MPTP (terminals,
cell bodies not quantified)

(110)

Tg of pan-caspase inhibitor
protein baculoviral p35

Short-term neuroprotection
(cell bodies and terminals)

(100)

Adenoviral gene transfer of XIAP Short-term neuroprotection
(cell bodies, not in terminals)

(24)

Pan-caspase (zVAD-fmk) or
caspase-8 (zIETD-fmk)
pharmacological inhibition

Switch from apoptotic to
necrotic cell death in
MPP + -treated primary
ventral midbrain cultures

(36)

AAV, adeno-associated virus vector; AIF, apoptosis-inducing factor; DKO, double knock-out; JNK, c-Jun N-terminal kinase; MPP + ,
1-methyl-4-phenylpyridinium; PTPC, permeability transition pore complex; TNFR1, tumor necrosis factor receptor 1; XIAP, X-chromosome
linked inhibitor of apoptosis.
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While complex I inhibition with MPTP leads to mitochon-
drial-dependent apoptosis, complex I blockade per se is not
the actual executioner of the cell but rather sensitizes neurons
to Bax-dependent cell death through oxidative damage (71).
In particular, complex I inhibition by 1-methyl-4-phenylpyr-
idinium ([MPP + ], MPTP’s active compound), rotenone, or
pathogenic complex I mutations does not directly trigger
mitochondrial cytochrome c release, but increases the releas-
able soluble pool of cytochrome c in the mitochondrial inter-
membrane space that can subsequently be released to the
cytosol by activated Bax (71) (Fig. 2). This two-step phenom-
enon is mediated by mitochondrial oxidative damage sec-
ondary to complex I inhibition, such as peroxidation of the
inner mitochondrial lipid cardiolipin, which disrupts the
binding of cytochrome c to the mitochondrial inner mem-
brane, leading to an increased soluble pool of cytochrome c in
the mitochondrial intermembrane space (71) (Fig. 2). In ad-
dition to its detachment from the mitochondrial inner mem-
brane, cytochrome c release has been shown to require, in
other cellular settings, a remodeling of mitochondrial cristae
mediated by dynamin-related protein optic atrophy 1 (27, 82).

Activation of Bax after complex I inhibition relies on its
transcriptional induction and, most importantly, on its
translocation and insertion into mitochondrial membranes,
from where it can elicit the release of cytochrome c (70, 71, 95).
Bax upregulation and post-translational activation in experi-
mental PD involves the cooperation of the transcriptional
factor p53 with the BH3-only protein Bim (70). The tumor
suppressor protein p53, which is one of the few molecules

known to regulate Bax expression (91), is activated after
MPTP intoxication to mice in response to MPTP-induced ox-
idative DNA damage (Fig. 3) (23, 56, 70). Pharmacological
inhibition or genetic ablation of p53 attenuates MPTP-induced
Bax upregulation and dopaminergic neurodegeneration (23,
70, 92). However, p53 does not participate in Bax mitochon-
drial translocation in this model, neither by a transcription-in-
dependent mechanism nor through induction of the BH3-only
proteins Puma or Noxa (70) (Fig. 3). Instead, post-translational
activation of Bax after MPTP intoxication was found to rely
on the c-Jun N-terminal kinase ( JNK)-dependent activation
of BH3-only protein Bim (70) (Fig. 3). In agreement with this,
genetic ablation of either JNK or Bim was able to attenuate Bax
activation and dopaminergic cell death in MPTP-treated mice
(39, 70) (Tables 1 and 2).

Once activated, Bax is able to permeabilize the outer mi-
tochondrial membrane and induce the release of cytochrome
c. While the mechanism by which Bax induces MOMP is still a
matter of debate, two distinct mechanisms have been pro-
posed, one involving the opening of the so-called mitochon-
drial permeability transition pore complex (PTPC) and
another dependent on the formation of Bax-derived channels
directly into mitochondrial membranes (28). In the context of
PD, Bax-induced MOMP seems to be independent of the
PTPC, since (i) Bax-induced cytochrome c release in MPP +

-treated brain mitochondria is not responsive to the PTPC
blocker cyclosporin A (70), and (ii) mice deficient for cyclo-
philin D, a critical component of the PTPC, do not exhibit
reduced susceptibility to MPTP intoxication (70). Of note,

FIG. 2. Mechanism of cytochrome c release after complex I inhibition. Pharmacological or genetic inhibition of complex I
disrupts mitochondrial respiration and stimulates the mitochondrial production of ROS. As a consequence, an array of
molecules is likely oxidatively modified in response to complex I defect, including the IMM lipid cardiolipin. Cardiolipin
peroxidation, in turn, affects the binding of cytochrome c to the mitochondrial inner membrane, leading to an increased
soluble pool of cytochrome c in the intermembrane space. Consequently, upon permeabilization of the OMM by activated
Bax, a larger amount of mitochondrial cytochrome c can be released, making it more likely for a compromised neuron to
undergo apoptosis [adapted from Perier et al. (71)]. IMM, inner mitochondrial membrane; IMS, mitochondrial intermembrane
space; MPP + , 1-methyl-4-phenylpyridinium; OMM, outer mitochondrial membrane; ROS, reactive oxygen species.
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while Bak is known to cooperate with Bax to promote MOMP
in response to the ligation of cell- surface death receptors, it
does not participate in MPTP-induced Bax-mediated dopa-
minergic cell death (25) (Table 1).

Based on these results, a pathogenic model of PD-related
dopaminergic neurodegeneration was proposed in which
neuronal death caused by complex I deficiency results from a
self-amplifying cascade of deleterious events starting at the
mitochondria by the alteration of the oxidative phosphory-
lation and finishing also at the mitochondria by the activation
of the mitochondrion-dependent PCD machinery (70, 71). In
this scenario (Fig. 3), MPTP-induced inhibition of complex I
blocks the flow of electrons along the mitochondrial electron
transport chain, resulting in increased production of ROS.
Mitochondrial ROS then increase the soluble pool of cyto-
chrome c in the mitochondrial intermembrane space by a
mechanism involving peroxidation of cardiolipin, whereas
ROS outside the mitochondria, probably also emanating from
sources other than complex I inhibition (52, 53, 107), damage
different cellular elements, such as lipids, proteins, and DNA.
DNA damage activates both p53 and JNK. p53 induces tran-
scriptional upregulation of Bax, whereas JNK participates in
Bax mitochondrial translocation through transcriptional ac-
tivation of the BH3-only protein Bim. Once localized to the
mitochondrial outer membrane, Bax induces the release of

cytochrome c into the cytosol, with ensuing caspase activation
and cell death. Several elements of this molecular cascade
have been demonstrated in postmortem human brain samples
from PD patients, including complex I deficiency, ROS pro-
duction, oxidative damage to lipids, proteins and DNA, JNK
activation, Bax activation, and activation of caspase-9 and
caspase-3 [reviewed in ref. (18)].

PD-Linked Genes and PCD

The potential involvement of PCD in PD has been re-
inforced in recent years by the finding that many of the mu-
tated nuclear genes associated with familial forms of PD either
directly or indirectly affect mitochondrion-dependent apo-
ptosis (98) (Fig. 4).

Mutations and multiplications of a-synuclein cause auto-
somal dominant PD, and a-synuclein is one of the main
components of Lewy bodies in sporadic PD (10, 74, 84, 85).
Overexpression of a-synuclein has been shown to kill dopa-
minergic neurons by apoptosis in vivo through activation of
caspase-9 and caspase-3 (109). Furthermore, despite a pre-
dominantly cytosolic and vesicular localization, a fraction of
a-synuclein can also localize in mitochondria (21, 57, 68). Once
in mitochondria, a-synuclein mostly associates with the inner
mitochondrial membrane, where it can interact with complex

FIG. 3. Proposed patho-
genic mechanisms of MPTP-
induced dopaminergic PCD.
MPP + , the toxic metabolite of
MPTP, impairs mitochondrial
respiration in dopaminergic
neurons by inhibiting com-
plex I of the electron trans-
port chain. Inhibition of
complex I impedes the flow
of electrons along the mito-
chondrial electron transport
chain, resulting in an in-
creased production of ROS.
Both mitochondrial and cy-
tosolic MPP + -related ROS
production damage cellular
elements, including (i) the
inner mitochondrial lipid
cardiolipin, which disrupts
the binding of cytochrome c
to the IMM, thereby increas-
ing the releasable soluble
pool of cytochrome c in the
IMS that can be subsequently

released to the cytosol by activated Bax, and (ii) DNA, leading to the activation of the p53 and JNK/c-jun pathways, which
coordinately promote the transcriptional and post-translational activation of Bax, respectively. Once activated, Bax is
translocated into the mitochondria, where it induces the release of cytochrome c to the cytosol and the ensuing caspase
activation and cell death. In addition, activated Bax has been shown in various pathological situations to be able to per-
meabilize lysosomal membranes, either directly or indirectly (6, 64). PD-related LMP occurs downstream mitochondrial-
derived ROS production and results in (i) defective clearance and subsequent accumulation of altered mitochondria and
undegraded AP, and (ii) leakage of lysosomal proteases into the cytosol, some of which, such as CB and CD, can remain
active at neutral pH and cause the digestion of vital proteins or the activation of additional hydrolases, including caspases, or
the recruitment of the pro-apoptotic protein Bax to the mitochondria. Bold arrows correspond to experimentally established
mechanisms. Dashed arrows correspond to currently unknown mechanisms. AP, autophagosomes; CB, cathepsins B; CD,
cathepsins D; JNK, c-Jun N-terminal kinase; LMP, lysosomal membrane permeabilization; MPTP, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine; PD, Parkinson’s disease.
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I and cause complex I deficiency and increased ROS pro-
duction (21). In addition, aggregated, but not nonaggregated,
a-synuclein was shown to induce cytochrome c release in
isolated rat brain mitochondria (68). Further supporting a pro-
apoptotic association between a-synuclein and mitochondria,
abrogation of mitochondria DNA in yeast prevented a-
synuclein-induced ROS formation and apoptotic cell death
(8). A direct pro-apoptotic effect of a-synuclein may thus un-
derlie the widespread observation that a-synuclein-deficient
mice are protected against MPTP-induced dopaminergic cell
death (17, 46).

Mutations in the gene encoding leucine-rich-repeat kinase 2
(LRRK2) are the most common cause of familial PD and ac-
count for up to 2% of apparently sporadic late-onset PD cases
(66, 116). The subcellular distribution of LRRK2 is mostly
cytosolic, but about 10% of the protein is associated with the
outer mitochondrial membrane (3, 30, 103). In cell lines, PD-
related mutations in LRRK2 have been shown to increase its
kinase activity (103) and induce mitochondrion-dependent
apoptotic cell death through the release of mitochondrial cy-
tochrome c (40).

Mutations in phosphatase and tensin homolog-induced
kinase 1 (PINK1) cause an autosomal recessive form of fa-
milial PD (93). PINK1 localizes into the mitochondria through
an N-terminal mitochondrial targeting motif, and contains a
kinase domain with the enzymatic activity to phosphorylate
serine and threonine amino acid residues (83). Mutations in
PINK1 are believed to impair its kinase activity and to cause
PD through impaired phosphorylation of PINK1’s substrates,
supposedly at the level of the mitochondria. PINK1 is able to
protect different cell lines against mitochondrion-dependent
apoptotic cell death. Overexpression of wild-type PINK1, but
not PD-associated or kinase-inactive PINK1 mutants, atten-
uates apoptotic cell death by reducing the mitochondrial re-
lease of cytochrome c and the subsequent activation of
caspases (72, 102). TNFR-associated protein 1 (TRAP1) and
HtrA2 were identified as the PINK1 substrates mediating the

antiapoptotic effect of this protein. In cells, phosphorylation of
TRAP1 by PINK1 prevented cytochrome c release and apo-
ptotic cell death induced by H2O2 (75). The ability of PINK1 to
promote TRAP1 phosphorylation and cell survival was im-
paired by PD-related or kinase-inactive PINK1 mutations
(75). In addition, in the absence of TRAP1, wild-type PINK1
was unable to protect cells against oxidative stress-mediated
apoptosis (75). Another study reported that HtrA2, a mito-
chondrial serine protease also known as Omi, can be phos-
phorylated by p38 in a PINK1-dependent manner in cultured
cells (73). In addition, HtrA2 phosphorylation was shown to
be virtually abolished in brains from PD patients harboring
mutations in PINK1, compared with brains from sporadic PD
cases (73). Phosphorylated HtrA2 protected mouse embry-
onic fibroblasts against 6-hydroxydopamine-, rotenone-, or
stress-induced apoptosis (73). The protective effect of HtrA2
was abolished by PD-related mutations in PINK1 (73). It re-
mains to be determined, however, whether HtrA2 and TRAP1
are authentic substrates of PINK1 in vivo.

Loss-of-function mutations in the gene encoding for parkin
are the most frequent cause of autosomal recessive familial PD
(45). Parkin has been described as an essentially cytosolic
protein with E3 ubiquitin ligase activity primarily acting at
the level of the ubiquitin-proteasome degradation system (97).
However, in PC12 cells neuronally differentiated by nerve
growth factor, parkin has been associated with the outer mi-
tochondrial membrane, where it was shown to prevent cer-
amide-induced mitochondrial swelling, cytochrome c release,
caspase activation, and apoptotic cell death (16). The anti-
apoptotic effect of parkin was abolished by PD-causing parkin
mutations and proteasome inhibitors, indicating that it was
mediated by its E3 ubiquitin ligase activity (16).

PCD and Autophagy in PD

Autophagy is the primary mechanism by which long-lived
proteins, such as a-synuclein, are degraded and is the only

FIG. 4. Role of PD-related
genes in mitochondrion-
induced apoptosis. Mitochon-
drial PINK1 can attenuate
cytochrome c release and apo-
ptotic cell death by phosphor-
ylating HTRA2 or TRAP1, two
of its putative substrates. Mi-
tochondrial parkin, in turn, can
prevent mitochondrial swell-
ing, cytochrome c release, and
apoptotic cell death. Alpha-
synuclein has been shown to
directly interact with mito-
chondria, where it can have a
deleterious role by inhibiting
complex I, increasing the pro-
duction of ROS, and promot-
ing the release of cytochrome c.
LRRK2 is partly localized to
the mitochondria, where it can induce the release of cytochrome c and subsequent apoptotic cell death. Adapted from Vila et al. (98).
HTRA2, high temperature requirement A2; LRRK2, leucine-rich-repeat kinase 2; PINK1, phosphatase and tensin homolog-induced
kinase 1; TRAP1, tumor necrosis factor receptor-associated protein 1.
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mechanism by which entire organelles, such as mitochondria,
are recycled. Selective autophagic degradation of mitochon-
dria, termed mitophagy, is required for steady-state turnover
of mitochondria, the adjustment of mitochondrion numbers
to changing metabolic requirements or to remove damaged
mitochondria (43, 112). Mitophagy consists of the sequestration
of targeted mitochondria into double-membrane-bounded
structures known as autophagosomes (AP), the origin of
which involves the outer mitochondria membrane itself (33).
Subsequently, AP fuse with lysosomes (i.e., cytoplasmic
membrane-enclosed organelles that contain a wide variety of
hydrolytic enzymes), in which sequestered mitochondria are
degraded.

Pro-apoptotic mitochondrial alterations such as loss of
mitochondrial membrane potential and MOMP trigger mi-
tophagy, in an attempt to limit the release of mitochondrial
pro-apoptotic factors from damaged mitochondria (88). In
PD, autophagic degradation is impaired, resulting in the ac-
cumulation of abnormal mitochondria that cannot be de-
graded through mitophagy (20). In such a situation,
accumulation of dysfunctional mitochondrial can contribute
to cell death by an increased release of mitochondrial apop-
togenic factors from damaged mitochondria (63, 105). In
agreement with this, pharmacological induction of autophagy
with rapamycin (i) attenuated mitochondrial dysfunction,
cytochrome c release, caspase activation, and apoptotic cell
death induced by rotenone (67) or recombinant Bax (79) in
cultured cells cultures, (ii) increased the survival of Droso-
phila intoxicated with pro-apoptotic parkinsonian neuro-
toxin paraquat (4, 79), and (iii) attenuated MPTP-induced
dopaminergic neurodegeneration in mice (20, 54). Further
supporting a role for impaired mitophagy in PD, PD-linked
pathogenic mutations in PINK1 and parkin disrupt the co-
ordinated regulatory role of these molecules at promoting
autophagic degradation of dysfunctional mitochondria,
thereby leading to defective mitophagy (29, 62, 101).

In sporadic PD, defective autophagy may result, at least
in part (58), from a pathogenic reduction in the amount of
functional lysosomes (14, 20). Decreased number of lyso-
somes, in turn, appears secondary to the abnormal per-
meabilization of lysosomal membranes induced by
mitochondrially driven oxidative attack (20) (Fig. 3). The
relationship between lysosomal membrane permeabiliza-
tion (LMP) and apoptosis, however, has proven complex
and dependent on the pathological situation (31, 47). In
some cellular settings, LMP was shown to precede and
contribute to the activation of mitochondrion-dependent
apoptosis (6), whereas, in other situations, LMP occurred
downstream MOMP and it amplified, rather than initiated,
cell death (64). In addition, LMP leads to the leakage of
lysosomal proteases into the cytosol, some of which, such as
cathepsins B and D, can remain active at neutral pH and
cause the digestion of vital proteins, the activation of ad-
ditional hydrolases, including caspases, or the recruitment
of the pro-apoptotic protein Bax to the mitochondria (6).
Furthermore, it has been shown in various pathological
settings that Bax, similar to its role on mitochondrial
membranes, may also be able to permeabilize lysosomal
membranes, either directly or indirectly (6, 64) (Fig. 3).
These observations suggest the existence of a positive
feedback loop between LMP and apoptosis that results in an
overall enhancement of cell death.

Mitochondria and PCD Beyond Apoptosis

For a long time, apoptosis has been considered as the sole
form of PCD, whereas necrosis was regarded as an unregu-
lated, accidental cell death process. Morphological features of
necrosis (i.e., swelling of cytoplasm and organelles with
moderate chromatin condensation and loss of plasma mem-
brane integrity) have been observed in PD postmortem sam-
ples (77, 96), arguing about the potential involvement of PCD
pathways in PD-related neurodegeneration. However,
mounting evidence now indicates that necrosis can also occur,
at least in some instances, in a highly regulated manner de-
pendent on PCD pathways and can be prevented by anti-PCD
strategies (5, 94). For instance, Bax-induced MOMP, originally
considered as specifically involved in caspase-dependent
apoptosis, has also been identified as a pathogenic feature of
some forms of necrosis and the latter can be prevented by
overexpression of Bcl-2 (5). Accordingly, apoptosis and ne-
crosis may no longer represent two mutually exclusive cell
death pathways, as they can overlap at different points (e.g.,
mitochondria) and be mediated by similar effectors (e.g., Bax).
In this context, the co-existence of morphological features of
both apoptosis and necrosis in PD postmortem samples is
compatible with the activation of common upstream mito-
chondrion-dependent PCD pathways.

Apoptosis has been recurrently associated with activa-
tion of caspases. However, it is now widely recognized that
PCD can also occur in the absence of caspase activation. For
instance, a caspase-independent form of PCD, termed
parthanatos, that depends on the activation of poly (ADP-
ribose) polymerase-1 (PARP-1) has been identified (113,
114). Relevant to PD, activation of PARP-1 has been
observed following MPTP intoxication (38, 55, 70) and
PARP-1 ablation results in an attenuation of MPTP-induced
dopaminergic cell death (55). During parthanatos, exces-
sive PARP-1 activation leads to an intrinsic cell death pro-
gram in which PAR polymer, a major product of PARP-1
activation, acts as a pro-death signal for the mitochondrion-
to-nucleus translocation of AIF (113, 114). In vitro
experimental reports have shown that AIF can be released
from the mitochondria, along with cytochrome c, following
complex I inhibition with MPP + in dopaminergic cell lines
or primary ventral midbrain cultures (13). Furthermore,
small interfering RNA-mediated knockdown of AIF in do-
paminergic cell lines is able to delay MPP + -induced cell
death (13). However, whether AIF plays an actual pro-cell
death role in experimental in vivo models of PD remains to
be demonstrated, as mutant mice partially deficient for AIF
not only are not protected against MPTP intoxication but
are also much more sensitive to the deleterious effects of
this parkinsonian neurotoxin (69). The unequivocal dem-
onstration that AIF contributes, or not, to PD-related neu-
rodegeneration as a pro-cell death factor will require the
generation of genetically modified cell lines and mouse
models in which the lethal (nuclear) functions of AIF could
be dissociated from the physiological vital role of AIF in
mitochondria (12, 61).

Concluding Remarks

Mounting evidence indicates that activation of mito-
chondrion-dependent PCD pathways plays an instrumental
role in the demise of SNpc dopaminergic neurons in PD. The
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complexity of this molecular cascade guarantees an exquisite
control over neuronal cell death and provides several targets
of potential therapeutic significance. Contrary to initial
views, however, the deleterious effects of mitochondrion-
mediated PCD pathways in PD may not be limited to caspase-
dependent apoptosis but also extend to caspase-independent,
nonapoptotic cell death, including necrosis. This notion has
important therapeutic implications, as it indicates that ef-
fective neuroprotective strategies should not be limited at
targeting caspase-dependent apoptosis but aimed instead at
both apoptotic and nonapoptotic PCD pathways. Support-
ing this concept, therapeutic targeting of executioner cas-
pases, despite initial high expectations because of the
availability of pharmacological caspase inhibitors, has pro-
ven insufficient to prevent neurodegeneration as it results in
the activation of alternative caspases or in a switch to cas-
pase-independent cell death (36, 115). In contrast, targeting
PCD upstream of its execution phase, such as at the level of
Bax, has resulted in consistent and marked neuroprotection,
even extended to axon projections (70, 71, 95). The phar-
macological targeting of Bax, however, has been precluded
so far by the lack of specific molecular tools with therapeutic
potential.

Before considering the potential targeting of PCD path-
ways in PD, some considerations would need first to be
addressed, such as (i) the necessity of targeting PCD path-
ways selectively in affected neurons but not in other type of
cells; (ii) the prospective of acting at several levels of the PCD
cascade to overcome the redundancy of PCD pathways; (iii)
the existence of distinct self-destruction programs between
cell bodies and axons (11, 78), the targeting of both of which
would be required to provide symptomatic relief in PD pa-
tients; (iv) the possibility that dopaminergic neurons may be
beyond rescue once the PCD cascade is already in place; or
(v) the possibility that neurons may actually be rescued but
no longer functional. In addition, the preclinical identifica-
tion of PCD molecular targets with therapeutic potential for
PD should be accompanied by the development of new
clinical and pharmacological tools to allow the unambigu-
ous assessment of the neuroprotective/disease-modifying
potential of candidate drugs, which is hampered by the
current inability to design clinical trials relevant to neuro-
protection. For instance, it may be necessary to homogenize/
stratify clinical populations before their inclusion in a given
clinical trial to identify sub-groups of patients that may po-
tentially benefit from candidate anti-PCD drugs (patients
with decreased complex I activity, patients with parkin/
PINK1 mutations, etc.). Also, in absence of early clinical
markers for PD, patients may not be recruited at the earliest
stages of the disease, in which a significant amount of neu-
rons would still be preserved. Furthermore, in absence of
in vivo indicators of neuronal dysfunction and/or death, the
neuroprotective potential of candidate drugs cannot be es-
tablished nor distinguished from their potential symptom-
atic effects. From a pharmacological point of view, the
current inability to determine in advance the therapeutic
doses of a candidate drug in patients, to reliably increase the
blood–brain barrier crossing of specific compounds or to
specifically target particular neuronal populations hinders
the adequate interpretation of potentially unsuccessful
neuroprotective clinical trials. Despite the challenges lying
ahead, targeting of PCD pathways holds promise as a po-

tential disease-modifying therapeutic strategy to attenuate,
delay, or halt neurodegeneration in PD.
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Abbreviations Used

AAV¼ adeno-associated virus vector
AIF¼ apoptosis-inducing factor
AP¼ autophagosomes
Bid¼BH3-interacting domain

Bim¼Bcl-2-interacting mediator of cell death
CB¼ cathepsins B
CD¼ cathepsins D

Cyt. c¼ cytochrome c
EndoG¼ endonuclease G
HtrA2¼high temperature requirement protein A2

IAP¼ inhibitor of apoptosis
JNK¼ c-Jun N-terminal kinase
KO¼ knockout

LMP¼ lysosomal membrane permeabilization
LRRK2¼ leucine-rich-repeat kinase 2
MOMP¼mitochondrial outer membrane

permeabilization
MPP+¼ 1-methyl-4-phenylpyridinium
MPTP¼ 1-methyl-4-phenyl-1,2,3,6-tetra-

hydropyridine
PARP-1¼poly (ADP-ribose) polymerase-1

PCD¼programmed cell death
PD¼Parkinson’s disease

PINK1¼phosphatase and tensin homologue-
induced kinase 1

PTPC¼permeability transition pore complex
Puma¼p53-upregulated modulator of apoptosis

ROS¼ reactive oxygen species
SMAC/DIABLO¼ second mitochondrion-derived activator

of caspases/direct-IAP binding protein
with low PI

SNpc¼ substantia nigra pars compacta
tBid¼ truncated Bid

Tg¼ transgenic
TNFR¼ tumor necrosis factor receptor

TRAP1¼ tumor necrosis factor receptor-associated
protein 1

TUNEL¼ terminal deoxynucleotidyl transferase
mediated dUTP nick-end labeling

XIAP¼X-chromosome linked inhibitor of
apoptosis
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